We developed a liquid bead microarray (LBMA) assay for genotyping genital human papillomaviruses (HPVs) based on the MY09-MY11-HMB01 PCR system and the reverse line blot (RLB) assay probe sequences. Using individual HPV plasmids, we were able to detect as few as 50 copies per reaction. In two separate retrospective studies, the LBMA assay was compared to the RLB assay and to the Hybrid Capture II (hc2) assay. Testing was performed without knowledge of other assay results. In the first study, 614 cervical swab samples (enriched for HPV infection) from 160 young women were tested for HPV DNA, and 360 (74.8%) type-specific HPV infections were detected by both assays, 71 (14.8%) by the LBMA assay only, and 50 (10.4%) by the RLB assay only. 
Human papillomavirus (HPV) is the central etiological agent for virtually all cervical cancers, for a substantial proportion of other anogenital tract cancers, and for a smaller proportion of head and neck cancers (3, 20) . Currently, more than 100 different HPV types have been identified, and at least 40 types infect the anogenital epithelium. The risk of cancer is not the same for all HPV types. High-risk HPV types include HPV type 16 (HPV-16) and HPV-18, -31, -33, -35, -39, -45, -51, -52, -56, -58, -59, -68, -73, and -82. Low-risk HPV types include HPV-6, -11, -40, -42, -43, -44, -54, -61, -70, -72, -81, and -CP6108. Potentially high-risk types include HPV-26, -53, and -66 (20, 21) . HPV DNA testing has been used (i) for triage of women with a Papanicolaou (Pap) test finding of atypical squamous cells of undetermined significance (ASC-US), (ii) for monitoring for recurrence of a precancerous cervical lesion or cancer after treatment, and (iii) as a primary screening method for cervical cancer in women 30 years old and older (1, 23, 31) .
The only FDA-approved HPV assay for clinical testing, the Hybrid Capture II (hc2) assay, distinguishes high-risk HPVs from low-risk HPVs but does not provide individual HPV genotyping information. HPV type-specific assays are likely to have a role in the clinical management of the neoplastic diseases associated with HPV infection. Although 60 to 70% of U.S. women become infected with one or more high-risk genital types of HPV during their lifetime, most infections are quickly resolved and without consequence (2, 6, 19) . Women who remain persistently positive for the same high-risk HPV type for extended periods are at increased risk for progression to cancer (11, 12) . HPV genotyping is needed to differentiate women who are repeatedly positive for the same high-risk HPV type from those who are simply sequentially infected with different high-risk types of HPV. As the use of prophylactic HPV vaccines becomes more widespread, surveillance for population-level effectiveness will become an increasingly important activity that is likely to require the use of an HPV type-specific assay (10, 27) . Estimates of the duration of vaccine-induced protection and the potential for herd immunity, for cross-protection, or for replacement (i.e., an increase in the prevalence of non-vaccine-type cervical lesions despite a decrease in the prevalence of vaccine-type lesions) will require HPV type-specific testing. Further, with increased coverage of HPV vaccines and the development of new vaccines that are likely to target more HPV types, the usefulness and methods of HPV testing and genotyping in cervical cancer prevention programs will likely need reevaluation and revision (14) . Currently, HPV genotyping is indispensable for epidemiological and clinical studies of the transmission, natural history, and pathogenesis of HPV, and it is likely to have a role in the management of HPV-related precancerous lesions and cancers in the future.
DNA sequencing is the "gold standard" for HPV genotyping; however, it is costly, time-consuming, and difficult to apply to clinical samples, which frequently have multiple infections and produce nonspecific PCR products. Currently, the most widely used multiplex HPV genotyping assays are reverse line blot (RLB) assays (7, 15) . These assays are based on solidphase hybridization of amplified HPV sequences to a slot blot membrane. However, RLB assays are labor-intensive, are not easily automated, have limited reproducibility (because they rely on a subjective visual readout) (5), and are increasingly expensive.
Recent reports support the potential use of the liquid bead microarray (LBMA) assay based on Luminex technology for HPV genotyping, using either the existing GP5ϩ-GP6ϩ system or the PGMY PCR system (13, 26, 28) . This assay format is sensitive and amenable to high-throughput configuration and potentially can be automated. However, little is known about the analytical sensitivity and specificity of this new assay or about how it performs on clinical specimens in comparison to the other HPV genotyping assays.
In our present study, we developed an LBMA assay based on the MY09-MY11-HMB01 PCR system for genotyping clinically important HPV types (11, 18) . We determined the analytical sensitivity and specificity of the LBMA assay using individual HPV plasmids, compared the genotyping results of the LBMA assay with those of the RLB assay, and estimated the clinical performance of the LBMA assay in comparison to that of the hc2 test using archived cervical swab samples.
MATERIALS AND METHODS
HPV LBMA assay development. (i) Probe selection. The previously reported RLB probe sequences (Roche Molecular Diagnostics, Pleasanton, CA) were used in the development of our assay (7, 24) . As in the RLB assay, two probes were used for HPV-16, -18, -31, -33, -35, -39, -42, -45, -51, -52, -53, -54, -55, -58,   -59, -61, -62, -66, -67, -68, -69, -71, -72, -73, -81, -82, -83, -83, -IS39, and -CP6108,  while a single probe was used for HPV-6, -11, -26, -40, -56, -64, and -70 (see the  table in the supplemental material) .
(ii) Probe conjugation to beads. Thirty-seven Luminex bead sets (sets 17 to 21, 24, 25, 33 to 38, 42 to 47, 51 to 56, 61 to 66, and 72 to 77) were obtained (MiraiBio, Alameda, CA), and each bead set (approximately 5 ϫ 10 6 beads/set) containing an intrinsic fluorescent signature was attached to specific HPV probes according to the manufacturer's oligonucleotide coupling protocol. Briefly, each bead set and its specific amine-substituted probes were first incubated with freshly prepared 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) at room temperature for 30 min and then washed and resuspended in Tris-EDTA at 50,000 beads/l. All conjugated beads were pooled in suspension to form the 37-plex HPV-LBMA assay mixture (1,350 beads/set/l). HPV plasmids. Plasmids of 12 HPV types (HPV-6, -11, -16, -18, -33, -35, -39, -45, -52, -59, -66, and -67) were available for the study. Nine of these (HPV-6, -11, -16, -33, -45, -52, -59, -66, and -67) contain full-length HPV genomes, while the remaining three (HPV-18, -35, and -39) contain a partial L1 open reading frame that encompasses the MY09-MY11-HMB01 amplicon (kindly donated by Denise Galloway). The concentrations of purified plasmids were determined with a UV spectrometer and were converted to copies per microliter. The plasmids were diluted, and 1 to 10 6 copies were mixed with 30 ng of purified K562 genomic DNA and amplified using MY09-MY11-HMB01 primers.
Amplification of the HPV L1 fragment. MY09-MY11-HMB01 primers were used to amplify the HPV L1 fragment under the following conditions: 95°C for 9 min; 40 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 1 min; and a 5-min extension at 72°C. The ramp speed was set at 1°C/s (29) . The presence of the correct PCR product was confirmed by gel electrophoresis; then the product was purified with a QIAquick PCR purification column (Qiagen, Valencia, CA) to remove the remaining excess primers.
Generation of a biotin-labeled single-stranded PCR product. Biotin-labeled single-stranded HPV PCR products were generated from the PCR-amplified HPV L1 fragment by using biotin-labeled MY11 in place of MY09-MY11-HMB01 and the cycle conditions described above, except that only 20 cycles were run.
Hybridization assay. One hundred nanograms of biotin-labeled PCR products or one-third of the second round of PCR products was mixed with conjugated beads, denatured at 95°C for 10 min, and hybridized at 55°C in 1.5ϫ TMAC (tetramethyl ammonium chloride) solution for 30 min according to the Luminex oligonucleotide hybridization and DNA buffer protocols. After hybridization, the beads were washed twice with 1ϫ TMAC using a 96-well filter plate (Qiagen, Valencia, CA) and then incubated with 4 g/ml phycoerythrin-conjugated streptavidin (diluted in 1ϫ TMAC; BD Pharmingen) at 55°C for 30 min. Finally, the beads were washed again with 1ϫ TMAC and resuspended in 100 l 1ϫ TMAC for detection on the LiquiChip system (the Luminex 100 platform) according to the manufacturer's protocol (Qiagen, Valencia, CA). For each assay run, four HPV-negative controls (genomic DNA isolated from the K562 cell line) were included, and the background RLU was determined as the average for these four negative controls. A sample was considered to be weakly positive or positive for a specific HPV type if the RLU was greater than 7 or 10 times the background RLU, respectively, for that specific HPV.
HPV DNA load analysis by quantitative PCR. Type-specific TaqMan assays were designed for HPV-6, -16, -39, -52, -53, -59, and -66 based on the HPV E7 gene. Primers and probe sequences are listed in Table 1 . The quantitative PCR assays were performed on an ABI Prism 7900 sequence detection system (ABI, Foster City, CA). Relative quantification (RQ) was determined by the 2 Ϫ⌬⌬CT method. For each HPV type, the RQ of the sample with the highest viral load was set at 1.
Clinical samples. Archived cervical swab specimens collected in specimen transport medium (STM) from two different NIH-funded research projects were used in this study. Both sets of specimens were enriched for the detection of high-risk HPV infections. The first set of specimens consisted of 614 cervical swab samples from 160 female university students participating in a longitudinal study of the natural history of HPV infections (30) . HPV genotyping by an RLB assay had been performed previously, and all RLB assay-positive cervical specimens, all RLB assay-negative cervical specimens for which a corresponding vulvar/vaginal or self-collected vaginal specimen was positive, and a random sample of the negative cervical specimens were included in this analysis. The second group of specimens consisted of cervical swab samples from 452 women enrolled in a cervical cancer screening study that included HPV DNA screening by the hc2 assay (16) . The selected group of women was enriched for those with histologically confirmed diagnoses and included 54 women with cervical intraepithelial neoplasia grade 2 or worse (ՆCIN2). The protease K-digested archived clinical samples, stored at Ϫ20°C, were used for reextraction via a QIAamp column according to the manufacturer's protocol (Qiagen, Valencia, CA) for the LBMA assay and the type-specific quantitative PCR assay. All LMBA assays were performed without knowledge of prior laboratory or clinical test results. The demographic characteristics of both study populations are listed in Table 2 .
Statistical analysis. The first group of archived cervical swab samples was used to assess the concordance of type-specific HPV DNA detection between the LBMA and RLB assays by using an unweighted kappa statistic to determine the percentage of agreement beyond that expected by chance. To account for correlation within subjects, 95% confidence intervals (95% CI) were computed using percentile bootstrap methods with 1,000 repetitions. By using data from the second group of cervical swab samples, different cervical cancer screening strategies were defined based on the use of LBMA, hc2, and/or cytology tests. Because only 13 HPV types (HPV-16, -18, -31, -33, -35, -39, -45, -51, -52, -56, -58, -59, and -68) are included in the high-risk hc2 assay, samples were considered positive for the LBMA assay only if 1 or more of those 13 HPV types were detected. Detection of other HPV types was considered a negative result for HPV for the purposes of this analysis. The strategies were evaluated for their sensitivities in detecting histologically confirmed ՆCIN2. Since this population was enriched for women with histologically confirmed disease, it was not possible to estimate meaningful measures of specificity for the four screening strategies based on the LBMA assay, the hc2 assay, and/or cytology. Instead, an indication of the relative specificities (and of the relative percentages of results that were "false positive" for ՆCIN2) of the LMBA and hc2 assays for a group of women without ՆCIN2 was provided by the calculated percentage of this group that is negative for high-risk HPV DNA by the LBMA or hc2 assay. Estimates of sensitivity were corrected for verification bias by using a previously described inverse probability weighting method (16) . Ninety-five percent confidence intervals were computed using the 2.5th and 97.5th percentiles of the bootstrap distribution of weighted estimates of sensitivity. Weights were applied using the pweights command in Stata (StataCorp LP, TX). All statistical analyses were performed using STATA, version 10.0 (StataCorp LP, TX).
RESULTS
Analytical sensitivity and specificity of the LBMA assay. We determined the detection limits of the assay using HPV plasmids. As shown in Table 3 , the LBMA assay was able to detect as few as 50 copies of each HPV plasmid mixed with genomic DNA. The assay had high analytical specificity for each HPV type when tested with high copy numbers of plasmids (10 5 to 10 6 copies/reaction). Agreement of the LBMA assay and the RLB assay. The performance of the LBMA assay was evaluated using 614 archived cervical swab samples from 160 subjects. These specimens had previously been genotyped using the RLB assay for 27 HPV types. Because HPV-57 was not included in the LBMA assay, and there are four low-risk HPV types (HPV-40, -42, -54, and -55) that appear to be clinically insignificant, we restricted all comparisons to 22 genotypes (HPV-6, -11, -16,  -18, -26, -31, -33, -35, -39, -45, -51, -52, -53, -56, -58, -59, -66,  -68, -73, -82, -83, and -84) . Of the 614 cervical swab samples, 254 (41.4%) were positive for one or more of these types of HPV by the RLB assay and 254 (41.4%) were positive by the LBMA assay. By the two assays together, a total of 481 typespecific HPV infections were detected. Overall, 74.8% of typespecific HPV infections were detected by both assays, 14.8% were detected by the LBMA assay only, and 10.4% were detected by the RLB assay only. By pooling across HPV types, the type-specific percentage of agreement for all HPV types was 99.1% (kappa ϭ 0.85; 95% CI, 0.82 to 0.88) ( Table 4) .
In order to further understand the cause of the discrepancy between the two assays, type-specific quantitative PCR assays targeting the HPV E7 region were designed. Specifically, we focused on high-risk or potentially high risk HPV types (HPV-16, -39, -52, -53, -59, and -66) for which the RLB assay gave positive results but that were more likely missed by the LBMA assay. In addition, an HPV-6 type-specific assay was designed. We analyzed samples that were positive by either the RLB or the LBMA assay for one or more of these seven HPV types. Samples showing discordant results between the RLB and the LBMA assays tended to have lower viral loads than samples that were positive by both assays (Fig. 1) .
Relative performances of the LBMA and hc2 assays for detection of histologically confirmed >CIN2. The performance of screening strategies defined by results from the LBMA assay, the hc2 assay, and/or cytology was evaluated for 452 women (Table 5) . Among 54 women with histologically confirmed ՆCIN2, the estimated weighted sensitivities for the LBMA and hc2 assays were similar (98.4% [95% CI, 95.0 to 100] and 95.6% [95% CI, 89.2 to 100], respectively). The per-FIG. 1. HPV loads of samples positive by either the LBMA or the RLB assay. DNA viral loads of samples positive for HPV-6, -16, -39, -52, -53, -59, or -66 by either the LBMA or the RLB assay were determined by a quantitative PCR assay based on the HPV E7 sequence. RQ was determined using the 2 Ϫ⌬⌬CT method. For each HPV type, the RQ of the sample with the highest viral load was set at 1. a Insufficient and inadequate results were included in the "positive screening result" category, and for the strategy involving Pap testing with reflex LBMA testing for ASC-US, missing follow-up hc2 assay results were considered to be negative. Changing these assumptions did not markedly impact the findings.
b High-risk HPV types not targeted by the hc2 assay were included in the "negative for HPV DNA" category. c ՆLSIL, low-grade squamous intraepithelial lesion or worse. Inadequate cytology results were included in the ՆLSIL category, since women with inadequate cytology results are generally asked to return for a follow-up visit.
centages of negative results for 398 women without histologically confirmed ՆCIN2 were also similar for the LBMA and RLB assays (45% and 50%, respectively) ( Table 6) .
Reproducibility of the LBMA assay. We repeated the LBMA assay on 100 randomly selected cervical swab samples. When each of 37 HPV types was considered separately for the reproducibility analysis (100 ϫ 37 ϭ 3,700 comparisons in total), 207 (5.6%) samples were concordantly positive, 3,460 (93.5%) were concordantly negative, and 33 (0.9%) were discordant. Therefore the agreement between the two repeated tests was 99.1% (kappa ϭ 0.92; 95% CI, 0.90 to 0.95).
DISCUSSION
We developed an LBMA assay for genotyping HPVs. The LBMA assay was able to detect as few as 50 copies of the HPV genome and displayed high analytical specificity. When tested on 614 archived cervical samples, the LBMA assay showed excellent reproducibility and excellent agreement with the RLB assay for HPV genotyping. Using cervical swab samples from 452 subjects, we observed that the LBMA assay had an estimated clinical sensitivity for ՆCIN2 that was comparable to that of the hc2 assay. These results indicate that this newly developed LBMA assay is likely to be a valid and reliable alternative method for HPV genotyping and a sensitive assay for identifying high-grade cervical lesions.
Several previous studies reported the feasibility of establishing a Luminex-based HPV genotyping assay targeting 15 to 45 different HPVs (9, 13, 17, 22, 26, 28) . Various primer systems were used for the development of these Luminex assays, including PGMY09-PGMY11 (28), GP5ϩ-GP6ϩ (26), MY09-MY11 (13), type-specific primers (9) , and YBT L1-GP6-1 (22) . Using archived clinical samples, these assays reported 74 to 99% agreement with other HPV detection (hc2 assay) or genotyping (RLB assay, type-specific PCR, or HPV microarray assay) assays (Table 7) .
While these previous reports support the LBMA technology for HPV DNA genotyping, to our knowledge, the present report is the first to provide results of a large-scale investigation that compared HPV genotyping results for the LBMA assay to those of widely used HPV genotyping assays based on RLB technology. In addition, the results for the LBMA assay were compared to those of the FDA-approved hc2 test in order to assess the potential clinical performance of the LBMA assay for detection of ՆCIN2. Although many of the samples included in the genotyping comparison were positive for more than 1 of the 22 targeted HPV types (42.9% of 254 RLB assay-positive samples), type-specific agreement was high, indicating excellent sensitivity and specificity for type-specific HPV DNA detection, even in the setting of mixed infections. In the current study, we did not compare the LBMA assay to the commercially available Roche Linear Array (LA) assay, because these archived samples had already been genotyped by the RLB assay. Recently, Castle et al. compared the performances of the RLB and LA assays using archived clinical samples (3). The percentage of agreement for carcinogenic HPV DNA detection was 88% (kappa ϭ 0.76). Although the LA assay appeared to be more sensitive than the RLB assay in detecting HPV DNA, the authors suggested that this was due largely to the different DNA isolation methods used and the different amounts of DNA input for PCR amplification. When equal amounts of DNA extracted by the same method were used, no difference in overall or type-specific HPV detection was observed (3). The LBMA assay, like any other bead-based assay or solid-phase assay with an automated reading, is possibly more objective than the RLB assay, because unlike the RLB assay, it does not rely on a subjective visual readout. Moreover, the LMBA assay is amenable to a high-throughput configuration, can potentially be automated, can easily be scaled up to 100 HPV types, and can be combined with Luminex-based assays for the detection of HPV type-specific antibodies.
Several aspects of the LBMA assay might be improved in the future. First, a ␤-globin or other housekeeping gene probe could be incorporated to monitor the sample input. Second, the assay could be streamlined by using fluorescently labeled primers in the PCR, to avoid the need for a second hybridization with phycoerythrin-conjugated streptavidin. Third, the assay sensitivity could be improved by using biotin-or fluorescent dye-labeled nucleotides in the PCR instead of labeled primers. Finally, in order to expand the LBMA assay to allow it to genotype cutaneous HPV types, which are more heterogeneous and for which it is difficult to design common degenerate primers for amplification, signal amplification should be considered as an alternative to PCR amplification.
In conclusion, our data showed excellent correlation between the RLB and the LBMA assays when they were used for genotyping clinical samples, and it also showed comparable sensitivities for the hc2 and LMBA assays for the detection of biopsy-confirmed CIN2 or worse. Several recent studies underscore the importance of standardization of HPV genotyping assay protocols (3-5, 8, 25 ). The LBMA assay described here is amenable to standardization and thus shows promise for use in large-scale epidemiological studies of HPV pathogenesis, in surveillance of HPV immunization programs for populationlevel effectiveness, and in clinical investigations of new approaches to the prevention, diagnosis, and management of HPV-related cancers and precancerous lesions.
